A coupled spherical random bond-random field pseudospin-phonon model is presented, which explains the effects of pressure on the relative stability of the ferroelectric, relaxor-, and paraelectriclike phases and thus the temperature-pressure phase diagram of relaxor systems. Within this model we derived an expression for the dynamic susceptibility of relaxors, which describes the pressure and temperature dependence of the peak in the dynamic dielectric permittivity.
I. INTRODUCTION
The relaxor phase in compositionally disordered perovskites is characterized by the appearance of nanosized polar clusters embedded in a nonpolar matrix. 1 In contrast to normal ferroelectrics, relaxors show a strong frequency dispersion of the dielectic properties in the radio frequency and microwave regions connected with a broad distribution of relaxation times. 2, 3 The parent perovskite compounds of relaxor materials are typical monodispersive soft-mode ferroelectrics or antiferroelectrics. The disorder induced polar regions are formed far above the temperature region where the characteristic relaxor dispersion behavior is observed. 1 In a normal relaxor state the dipole moments of the polar clusters are randomly oriented and the crystal remains macroscopically cubic down to the lowest temperatures. However, depending on the composition, a ferroelectric phase may coexist with the relaxor state below a critical temperature T c . Alternatively, the relaxor phase can be rather easily changed into a ferroelectric phase by the application of an electric field exceeding a critical value E c . Hydrostatic pressure, on the other hand, induces a crossover from ferroelectric to relaxor behavior as recently shown in Ca-doped KTa 1Ϫx Nb x O 3 , 4 as well as in Pb 1Ϫx La x (Zr y Ti 1Ϫy ) 1Ϫx/4 O 3 ͑PLZT͒. 5 At high enough pressures it even produces a vanishing of the relaxor phase. 4 In spite of many investigations, it is not yet definitely known whether the relaxor state in zero electric field is a ferroelectric phase broken up into nanodomains under the constraint of quenched random fields, or whether it is a kind of a dipolar glass state with randomly interacting polar microregions. Furthermore, none of the proposed models has so far been used to describe the pressure-temperature phase diagram of relaxors.
It has recently been demonstrated that many static properties of relaxors such as the linear and nonlinear dielectric permittivity and the NMR spectra can be described by the spherical random bond-random field ͑SRBRF͒ model. [6] [7] [8] This model is based on randomly competing ferroelectric ͑FE͒ and antiferroelectric ͑AFE͒ interactions between the reorientable polar clusters of different sizes in the presence of random fields.
Here we present a coupled SRBRF-phonon model which takes into account both the order-disorder as well as the displacive features of the relaxor behavior, and explains the effects of pressure on the relative stability of the ferroelectric, relaxor, and paraelectric phases. In particular, we show that hydrostatic pressure induces a crossover from the ferroelectric to the relaxor phase. 5 This is due to the fact that pressure increases the polar-phonon frequencies. Within the framework of a dynamic version of this model 9 we also present an expression for the dynamic susceptibility of relaxors, which explains the pressure dependence of the peak in the dielectric permittivity.
II. COUPLED SRBRF-PHONON MODEL
Since the polar clusters-which are the basic reorientable dipoles in the structure-vary not only in their orientation but also in their size, the system cannot be described by an ordering field of fixed length as in, say, Ising-type systems. The dimensionless continuous pseudospin order-parameter field ϪͱNрS i рϩͱN, (ϭx,y,z), which is related to the dipole moment of the ith polar cluster, is subject to the spherical condition
where N is the total number of reorientable clusters. The SRBRF Hamiltonian on a rigid lattice in the presence of an external field E ជ is given by [6] [7] [8] 
where g is an effective dipole moment corrected by the appropriate local-field factor. We assume that the bare interactions J i j (b) are randomly frustrated and infinitely ranged in view of the long-range nature of the intercluster interactions and are described by a Gaussian distribution with mean value J 0 (b) /N and variance (J (b) ) 2 /N. The random fields h i are similarly normally distributed with zero mean and nonzero second cumulant,
͑3͒
The total Hamiltonian of the coupled SRBRF-phonon system is now formally written as
where H L represents the lattice Hamiltonian
and H SL the pseudospin-polar-phonon coupling
Here we introduced the normal coordinates and momenta Q k ជ p and P k ជ p , respectively, of polar optic phonons with branch index p, wave vector k ជ , and frequency k ជ p . Further, ␥ k ជ p represents the pseudospin-polar-phonon coupling constant and
is the Fourier transform of the order-parameter field. The pseudospin-acousticphonon coupling does not contribute to the intercluster interactions in view of the presumed cubic symmetry of the nonpolar matrix.
As shown by Elliott et al. 10 one can derive an effective intercluster coupling by introducing displaced phonon coordinates, which are determined by the equilibrium condition ‫ץ‬H/‫ץ‬Q Ϫk ជ p ϭ0. After this transformation the terms linear in the phonon coordinates in H disappear and J i j (b) in Eq. ͑2͒ is replaced by an effective coupling (J i j ) . The random averaging makes the matrix of the effective coupling constants J i j diagonal and isotropic, i.e.,
͑7͒
The parameters J 0 and J now represent the new effective parameters of the SRBRF model on a deformable lattice replacing J 0 (b) and J (b) , respectively. They are explicitly given by
and
͑9͒

III. EFFECTS OF PRESSURE
It is well known that in perovskites the phonon frequencies depend on the temperature and the hydrostatic pressure P. 4, 5, 11 To estimate the variation of J 0 and J with pressure we consider Eqs. ͑8͒ and ͑9͒ in which k ជ p ϭ k ជ p ( P). The main contribution to J 0 ( P) is given by the k ជ ϭ0 term in Eq. ͑8͒ involving the sum over all polar optic branches p. Since in perovskites the squares of the phonon frequencies at the at the zone center 0p 2 linearly increase with pressure, 12 this term will result to leading order in a linear decrease of J 0 ( P) with increasing pressure. The next term, which has a negative sign, involves the average over the entire phonondispersion branch and is thus less important. This is so since the phonon frequency k ជ p at k ជ →0 is lower than the average over the pth branch, as is indeed observed in the case in Pb(Mg 1/3 Nb 2/3 )O 3 ͑PMN͒. 13 Thus we obtain
In contrast to J 0 , the phonon contribution to J 2 is determined by the fluctuation of the averages over the optic-phonon branches. For a flat spectrum this contribution would be precisely zero. In general, the optic branches have some dispersion, but we may expect that the pressure dependence of J( P) is weaker than that of J 0 ( P).
For J 0 ϽͱJ 2 ϩ⌬ long-range order cannot exist and the system is in a spherical glass ͑SG͒ phase at all temperatures, with a nonzero value of the SG order parameter q(T). 8 If ⌬ϭ0 as in magnetic spin glasses, a transition from a hightemperature paraelectric to a SG phase occurs at T f ϭJ/k. For ⌬ 0 and ⌬ӶJ 2 the sharp transition disappears, but the nonlinear susceptibility shows a maximum at T f ϷͱJ 2 ϩ⌬. For J 0 ϾͱJ 2 ϩ⌬, however, long-range order is possible and a phase transition to an inhomogeneous ferroelectric ͑IFE͒ phase occurs below the critical temperature
͑11͒
Since J 0 depends on pressure P according to Eq. ͑10͒, T c is also a function of P. Thus the relative stability of the ferroelectric, relaxor, and paraelectric phases is strongly affected by the application of hydrostatic pressure. Experiments show 4,5 that at low values of pressure T c is a linear function of P, i.e., T c ( P)ӍT c (0)Ϫ␣ P. This suggests that the ⌬ term in Eq. ͑11͒ is negligible at low P-in relaxors usually ⌬ ӶJ 26,7,14 -and thus according to Eq. ͑10͒ we find ␣ 1 ϭk␣ and J 0 (0)ϭkT c (0).
In the IFE phase, ferroelectric long-range order and spontaneous polarization P ϭN Ϫ1 ͚ i ͗S i ͘ coexist with the spherical glass ͑SG͒ order represented by the EdwardsAnderson-type order parameter q(T)ϭN
If the system is an inhomogeneous ferroelectric at Pϭ0, and T c ( P) is given by Eq. ͑11͒ in which J 0 ϭJ 0 ( P), then a critical pressure P c may exist beyond which ferroelectric order is not possible at any temperature, and a ferroelectric-to-relaxor crossover occurs. The critical pressure is given by the condition J 0 ( P c )ϭͱJ 2 ϩ⌬. Assuming ⌬ӶJ 2 , we can thus estimate the value of J from the experimental values of T c (0), ␣, and P c using the relation JӍJ 0 (0)Ϫk␣ P c . The thus calculated pressure dependence of T c in the entire range 0Ͻ P Ͻ P c is shown as a solid line separating the ferroelectric from the ergodic relaxor phase on the TϪ P phase diagram presented in Fig. 1 . The solid triangles represent the experimental points obtained by Samara in PLZT 6/65/35, 5 whereas the asterisk denotes the critical pressure P c . 5 The horizontal line corresponding to the relation J 0 ( Pϭ P c ) ϭͱJ 2 ϩ⌬ separates the ferroelectric phase from the nonergodic relaxor phase where the longest relaxation time diverges. The vertical dotted line corresponding to TϭT f is determined by the peak in the static nonlinear dielectric permittivity.
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IV. DYNAMICS
Pressure strongly affects not only the static but also the dynamic properties of relaxors. At a fixed frequency the temperature dependence of the real part of the dielectric susceptibility Ј() shows a broad pressure dependent maximum at TϭT m . For TϾT m the system is characterized by a weak dispersion corresponding to a paraelectriclike relaxor phase. For T f ϽTϽT m the system shows a strong frequency dispersion corresponding to an ergodic relaxor phase. For T ϽT f and J 0 ϽJ, however, the system is in a nonergodic relaxor phase, where the longest relaxation time diverges. With increasing , the maximum value of Ј() decreases, while T m moves toward higher temperatures. Actually, in PLZT 6/ 65/35 it has been found that under hydrostatic pressure P the maximum temperature T m ( P) moves towards lower values with increasing P 5 in a manner similar to T c ( P). To discuss the pressure and frequency dependence of T m and to determine the boundary between the paraelectriclike and ergodic relaxor phases we adopt the concept of reorienting polar clusters 15 within the dynamic SRBRF-phonon model. Following the theory of spherical spin-glass models 16 we assume that the time dependence of the pseudospin field S ជ i is governed by the Langevin equation
Here is a characteristic relaxation time for the reorientation of polar clusters and H S is the SRBRF Hamiltonian ͑2͒ in which J i j (b) has been replaced by the effective interaction J i j . The function z(t) plays the role of a Lagrange multiplier, which enforces the spherical condition ͑1͒ at all times.
The stochastic Langevin forces i (t) are specified by their ensemble average
which ensures the proper equilibrium distribution.
Equations ͑12͒ can be solved exactly by introducing a representation of eigenstates and eigenvectors of the random matrix J i j . 16 The details of this calculation will be presented in a separate publication. 9 In the asymptotic limit tӷt c Ϸ2JT/⌬, 16,9 the system reaches a steady state and the function z(t) tends towards its static value z, which is determined by the equation
where rϵͱz 2 Ϫ␤ 2 J 2 . The calculated value of z(T) is shown in the inset of Fig. 2 . The result for the complex dielectric susceptibility is given by the following expression ͑for simplicity we set gϭ1): This result is valid in the phase without long-range order. The →0 limit of Eq. ͑15͒ reproduces exactly the static susceptibility obtained earlier by the replica method.
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V. COMPARISON WITH EXPERIMENTS
Empirically, it has been found that the relaxation time in relaxors obeys the Vogel-Fulcher ͑VF͒ law ϭ 0 exp ͓U/k(TϪT 0 )͔, 5, 15 where the VF temperature T 0 has been identified with the freezing temperature T f . In addition, relaxors are characterized by a heterogeneous dynamics 17 and a broad distribution of relaxation times. 18, 19 To describe this we introduce a distribution of VF temperatures w(T 0 ) in the interval 0ϽT 0 ϽT f . Thus the observable dynamic susceptibility becomes
Assuming T 0 max ϭT f ӍJ and choosing a linear distribution w(T 0 )ϭ2(1ϪT 0 /J)/J, we have evaluated numerically the integral in Eq. ͑16͒. In Fig. 2 the calculated real and imaginary parts of () are plotted as functions of temperature in the relaxor phase without long-range order for several values of frequency. The values of the parameters, which correspond to the system PLZT 6/65/35 are: J/kϭ318 K, J 0 ϭ0.9J, and ⌬/J 2 ϭ0.001. Since in PLZT 6/65/35 one has T m ϾT c , we can apply Eqs. ͑15͒ and ͑16͒ to determine the pressure dependence of T m using the experimental values of T c ( P), P c , and the value of J derived from these as explained above. The maximum of the real part of () as a function of temperature has been found numerically from Eq. ͑16͒. Assuming a linear decrease of U with pressure 5 U( P)/Jϭ6.5Ϫ0.13P/kbar, we obtain the pressure dependence T m ( P) at 0 ϭ10 Ϫ5 , which is shown as the dashed line in Fig. 1 . The agreement with experiment 5 is rather good. It should be noted that similar ideas were used earlier in discussing the impurity induced ferroelectricity in Li-doped KTaO 3 . As suggested by Vugmeister and Glinchuk, 20 the interaction of Li impurities with soft optical phonons of the highly polarizable KTaO 3 lattice leads to a modification of the interaction between the off-center Li dipoles. The modified interaction is characterized by the correlation length r c and a dimensionless parameter nr c 3 , where n is the Li concentration. The value of nr c 3 controls the crossover from the glass like ͑relaxor͒ state to a true ferroelectric state. Based on this picture, Samara 21 proposed to use external pressure in order to change the value of r c thus inducing the above crossover.
In conclusion, we have presented a coupled SRBRFphonon model of relaxors, which explains the effects of hydrostatic pressure on the relative stability of the ferroelectric, relaxor, and paraelectric phases by a hardening of the phonon frequencies. This leads to a decrease of the mean intercluster coupling J 0 ͑favoring the ferroelectric state͒ while leaving its rms variance J ͑favoring the relaxor state͒ practically unchanged. Within the framework of this model we have derived an expression for the dynamic susceptibilty of relaxors, which describes the observed temperature and frequency dependence of the linear dielectric properties.
